Attenuated live Salmonella enterica serovar Typhimurium is a versatile organism for the generation of live recombinant vaccines for mucosal immunization and various approaches were devised for the stable and efficient expressions of heterologous antigens by attenuated S. enterica strains. Phage l Red recombinase has recently been devised for gene replacements in S. enterica after introduction of PCR products as a one-step deletion approach and FLP-mediated recombination allows the subsequent removal of antibiotic resistance markers. As an extension of this method, we have developed an approach that allows the sequential integration of multiple recombinant expression cassettes for heterologous antigens into the chromosome of S. enterica. We observed the stable expression of model antigens without selective pressure. In addition, the method allows the simultaneous generation of doubleattenuating mutations by gene deletions. This approach allows the rapid and efficient construction of recombinant Salmonella strains as vaccine carriers.
viral, bacterial and parasitic infections. Attenuated live bacteria used by the oral route are interesting tools for mucosal immunization. Salmonella enterica serovars Typhimurium and Typhi are suitable organisms for the generation of live recombinant vaccines (Mollenkopf et al., 2001) . Such strains can be genetically modified to express heterologous antigens relevant for vaccination. In addition, mutations in virulence and/or basic cellular functions allow the generation of attenuated strains that are safe for application to vaccinees (Medina and Guzman, 2001) .
A current limitation of recombinant bacterial vaccines is the generation of strains that allow the stable expression of heterologous antigens in the absence of selective pressure. Several methods have been proposed to solve this problem. These strategies include the balancedlethal plasmid stabilization approach Galan et al., 1990; Garmory et al., 2003) . Furthermore, one can utilize genetic switches to shift a part of the bacterial population to antigen expression (Yan et al., 1990) . It was also possible to insert DNA fragments for the expression of foreign antigens into the chromosome of the carrier strain (Hone et al., 1988; Strugnell et al., 1990) . Although these approaches can be used for constructing of vaccine carrier strains, the genetic manipulations required for the constructing of such strains are rather laborious and time consuming.
Bacteriophage-encoded recombinases were used for engineering homologous recombination in the chromosomes of E. coli and S. enterica serovar Typhimurium over the few last years (Zhang et al., 1998; Datsenko and Wanner, 2000; Lee et al., 2001) . Most frequently, the Red recombinase technique has been employed for generating mutations and deletions in genes of interest. However, this technique is also useful for the introduction of epitope fusions (Uzzau et al., 2001) or reporter gene fusions (Ellermeier et al., 2002; Hautefort et al., 2003) .
In this report, we suggest an approach that allows the stable integration of multiple expression cassettes for different heterologous antigens into the chromosome of S. enterica serovar Typhimurium. This technique also allows the simultaneous generation of deletions in the genome of Salmonella that can be used to attenuate virulence of the carrier strain. The different expression cassettes can be inserted into various loci by a site-specific recombination strategy. We demonstrate that the chromosomal integration of these expression cassettes allows the construction of strains that express different foreign antigens in a stable and regulated fashion. This extension of the 'knock-in' approach should accelerate the construction of sufficiently attenuated recombinant vaccine carrier strains expressing multiple heterologous antigens.
Materials and methods

Bacterial strains and growth conditions
Bacterial strains used in this study are listed in Table 1 . S. enterica serovar Typhimurium strain 12023 was used as a wild-type strain. Bacteria were routinely cultured in LB broth and on LB agar plates. If required for the selection of recombinants or to maintain plasmids, carbenicillin (50 mg/ml) and/or kanamycin (50 mg/ml) were added. Minimal media with limiting (PCN-P media) or non-limiting (PCN media) amounts of phosphate were used for the analyses of promoters under control of the SsrAB regulatory system in vitro and have been described before (Deiwick and Hensel, 1999) . Synthetic media were supplemented with 1 mM adenine for growth of auxotrophic purD strains. Attenuated carrier strains were previously constructed by disruption of various loci (Husseiny and Hensel, 2005a) and are specified in Table 1 .
DNA manipulation
Chicken Ovalbumin (OVA) and Listeria monocytogenes Listeriolysin (Llo) were used as heterologous model (Husseiny and Hensel, 2005b) . Llo of L. monocytogenes was used as a well-established protective antigen. A fragment of lisA encoding Llo was amplified from genomic DNA using primers Lm-LisA-For-PstI and Lm-LisA-Rev-EcoRV. After digestion with Pst1/EcoRV, the resulting fragment was subcloned in PstI/EcoRV-digested p2064 to yield plasmid p2682 for expression of Llo::M45 fusion under control of P sseA . The fragment of p2682 digested by SacI/XhoI subcloned into p2795 digested by SacI/XhoI to obtain clone p3055. The plasmids used in this work are presented in Table 2. PCR reactions were performed using polymerase mixtures with proof-reading activity (expand HF kit, Roche). DNA manipulations were performed according to standard procedures and resulting plasmid constructs were confirmed by DNA sequencing.
Expression cassettes P sseA ::OVA or P sseA lisA were inserted into the ploylinker of p2795 in order to generate templates for the generation of targeting ARTICLE IN PRESS constructs. Targeting constructs were generated by PCR amplification of p2861 and p3055 derivatives with the respective expression cassette using primers purD-knockin-left and purD-knockinright or galE-knockin-left and galE-knockinright, for the respective target gene purD and galE of the Salmonella chromosome, respectively. The primers had 38-40 nucleotides complementary to the target genes purD and galE of the Salmonella chromosome followed by 20 nucleotides complementary to the lacZ fragment in p2795 (Table 3) .
Construction of double-mutant Salmonella strains
For the generation of highly attenuated S. Typhimurium carrier strains, double-mutant strains harboring deletions of both htrA and purD or htrA and galE were generated. This was accomplished by sequential mutagenesis using the one-step deletion approach (Datsenko and Wanner, 2000; Husseiny and Hensel, 2005a) . DNA fragments resulting from amplification of targeting construct using 'knock-in' primer pairs were digested by DpnI to remove remaining plasmid DNA, purified on Qiagen columns and used for electroporation of S. Typhimurium MvP467 (D htrA P sseA ::GFP) harboring pKD46 as previously described (Datsenko and Wanner, 2000; Uzzau et al., 2001; Husseiny and Hensel, 2005a) . S. enterica serovar Typhimurium strain 12023 or MvP467 (htrA) cells carrying plasmid pKD46 for expression of Red recombinase (Red helper plasmid) were grown in LB supplemented with carbenicillin and 1% arabinose (Sigma) at 30 1C to an optical density (OD 600 ) of 0.6 and then made electro-competent by concentrating 100-fold and washing trice with icecold 10% glycerol. The PCR products (1-3 ml) were electroporated into 40 ml electro-competent bacteria. Subsequently, the bacteria were incubated with 1 ml SOC for 1 h at 37 1C. Kanamycin-resistant transformants were selected at 37 1C and further analyzed for sensitivity to carbenicillin and phenotypes resulting from the integration of the DNA cassettes into the respective target gene. The proper chromosomal insertion of the kanamycin cassette in mutant strains was confirmed by PCR using oligonucleotides K1-red-del (Datsenko and Wanner, 2000) as forward and galE-knockin-check, htrA-knockin-check or purD-knockin-check as reverse primer for checking the insertion of expression cassette into galE or htrA or purD genes, respectively (see Table 3 for sequences).
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Analysis of heterologous antigen expression by FACS
In case GFP was used as reporter gene, fluorescence was quantified by flow cytometry of bacteria grown in vitro to quantify expression levels of genes within chromosomally integrated expression cassettes. Bacterial cultures grown in various media were harvested and flow cytometry on a FACscalibur (BD, Heidelberg) was performed as described previously (Jantsch et al., 2003) .
SDS-PAGE and Western blot
For the detection of other model antigens, samples obtained from in vitro expression experiments were separated by SDS-PAGE on 10% tricine gels and proteins were transferred onto 0.45 mm nitrocellulose membranes (Schleicher and Schuell) by semi-dry transfer as previously described (Hansen-Wester et al., 2002) . Membranes were blocked with 5% dry milk in TBS-T (Tris-buffered saline containing 0.1% Tween 20) at 4 1C overnight. OVA was detected using rabbit antiserum against OVA (Chemicon, Hofheim) as primary antibody at a dilution of 1:20,000 in TBS-T containing 0.5% BSA for 1 h. The Llo protein of L. monocytogenes tagged with the M45 epitope was detected indirectly with a monoclonal antibody against the M45 tag at a dilution of 1:10,000 (Obert et al., 1994) . Secondary antibodies, goat anti-rabbit IgG horseradish peroxidase conjugate (Dianova) for detection of OVA and goat anti-mouse IgG-HRP for detection of M45 tag were used at a dilution of 1:20,000, followed by chemiluminescent detection using the ECL system (Amersham).
Animal experiments
Female BALB/c mice were purchased from Charles River Breeders (Sulzfeld, Germany). All mice were kept at animal unit of the Institute under specific pathogen-free conditions in accordance with national guidelines for animal handling. The mice used for the experiments were between 6 and 8 weeks old. 
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For infection, bacteria were grown overnight to stationary phase. Bacteria were then harvested by centrifugation (4,000g), washed in PBS and resuspended in 5% sodium bicarbonate. The infection dose used was always verified by serial dilution and plating on LB-agar plates in the presence or absence of the appropriate antibiotic.
For single infection experiments, groups of 5 BALB/c mice were inoculated orally by gavage with 1 Â 10 5 CFU/mouse in a volume of 300 ml of either MvP525 (htrA/purD) or MvP526 (htrA/galE) doublemutant strains. The presence of inoculum strains in fecal pellets was determined for a period of 15 days and samples were taken on days 1, 3, 5, 7, 9, 11, 13 and 15 post infection. Approximately 100 mg of fresh fecal pellets were homogenized in 1 ml PBS (pH 7.4), and bacteria were enumerated on LB agar plates containing kanamycin (50 mg/ml). The presence or absence of the test strain in fecal pellets was scored for each mouse (limit of detection, 0.1 CFU/mg of feces).
Five mice were sacrificed on day 15 after oral immunization with MvP525 or MvP526 carrier strains. Livers, spleens, mesenteric lymph nodes and Peyer's patches were removed and homogenized in sterile PBS. The numbers of viable bacteria present in the organs were determined by plating serial dilutions onto Müller-Hinton agar plates for the liver, spleen and mesenteric lymph node derived samples or on Leifson agar plates and LB plates containing kanamycin for homogenates of Peyer's patches.
Results
Rationale for sequential mutagenesis
The Red recombinase approach (Datsenko and Wanner, 2000; Husseiny and Hensel, 2005a) cassettes into the chromosome of S. enterica serovar Typhimurium and the concomitant generation of deletions leading to the progressive attenuation of virulence of the resulting strain. By this technique we can create an insertion at any point in the bacterial chromosome. The precise location of these insertions is dictated by the sequence of the primers used to amplify the antibiotic resistance cassettes. Expression cassettes were inserted into a plasmid that contained aph encoding kanamycin resistance flanked by FRT sites (Fig. 1A) . The resulting targeting construct was amplified by PCR with primers complementary to the targeting constructs and the chromosomal gene selected for integration (Fig. 1B) . A chromosomal gene was replaced by the targeting construct by homologous recombination mediated by the Red recombinase (Fig. 1C) . Finally, the resulting double-mutant strains carried insertions of expression cassettes and aph gene (encoding resistance cassette) in the chromosome (Fig. 1D) . The strains carrying the correct second homologous recombination were identified by virtue of the kanamycin resistance and auxotrophy in case of purD strains. The target specificity was determined by selection of 'knock-in' primer set as listed in Table 3 . Furthermore, appropriate integrations in the resulting Salmonella mutants were confirmed by PCR and sequence analysis.
Effect of antibiotic resistance gene on the expression cassettes after insertion into various loci
Red-mediated recombination should result in the stable integration of expression cassettes for GFP and OVA into htrA, purD and galE loci (Husseiny and Hensel, 2005a) . The regulated expression of 'knock-in' cassettes with GFP under control of the sseA promoter (P sseA ) was analyzed prior to and after elimination of antibiotic resistance cassette by flow cytometry of recombinant strains grown under non-inducing (LB and PCN) or inducing Figure 2 . Effect of the antibiotic resistance gene on the expression cassettes after insertion into various loci. Expression cassettes consisting of the intracellular-activated promoter P sseA and GFP were integrated into various chromosomal loci of S. enterica serovar Typhimurium as indicated (htrA, purD or galE). The 'knock-in' mutant strains before (A) or after (B) elimination of antibiotic resistance genes were grown in phosphate-limited minimal media (PCN-P) known to induce expression under control of P sseA or rich media (LB) or minimal media (PCN) not inducing expression under control of P sseA . GFP fluorescence of bacteria-sized particles was analyzed by flow cytometry and the percentage of GFP-expressing bacteria is indicated.
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conditions (PCN-P) for P sseA (Fig. 2) . The GFP expression cassettes inserted into the different loci showed more or less equal induction under inducing growth conditions before ( Fig. 2A) and after (Fig. 2B ) elimination of antibiotic resistance cassette.
We also analyzed expression cassettes for the model antigen OVA or the protective antigen Listeriolysin (Llo) of L. monocytogenes under control of regulated promoter after integration into various chromosomal loci (Fig. 3) . Western blot analyses of bacterial cultures grown under noninducing conditions (PCN) or inducing conditions (PCN-P) indicated regulated expression before and after elimination of antibiotic resistance cassette. In general, amounts of OVA expressed from genes on expression cassettes inserted into the chromosomes before elimination of antibiotic resistance cassette (Fig. 3A) were equal to the amount of expressed proteins detected in knock-in strains after elimination of antibiotic resistance gene (Fig.  3B) . Salmonella carrier strains MvP565, MvP567 and MvP566 harboring replacement of purD, htrA and htrA/purD by an expression cassette with lisA encoding Llo, respectively, were analyzed. The amounts of Llo expressed after integration into different loci of the Salmonella chromosome were not affected by the locus selected for integration and fully regulated (Fig. 3C ).
These data demonstrate that expression cassettes can be integrated into the proper chromosomal locations and allow controlled expression of foreign antigens. Moreover, the presence of antibiotic resistance genes on the integrated expression cassette has no effect on the level of expression by attenuated Salmonella carrier strains.
Stability of expression after second chromosomal integration
Our previous observations indicated that expression cassettes introduced by replacement of chromosomal loci allowed the construction of stable carrier strains with regulated expression of heterologous antigens (Husseiny and Hensel, 2005a) . Here, we analyzed if multiple expression cassettes inserted into different target genes of the Salmonella chromosome were stably maintained in the absence of selective pressure. Double-mutant strains MvP525 and MvP526 harboring a replacement of the htrA/purD and htrA/galE by an expression cassette with GFP/OVA under control Figure 3 . Effect of antibiotic resistance cassettes on the regulated expression of model antigen after chromosomal integration. Strains harboring expression cassettes for OVA integrated into various chromosomal loci (htrA, purD or galE) were grown under control of the intracellular activated promoter P sseA before (A) or after (B) elimination of antibiotic resistance cassettes were grown in vitro in media inducing expression under control of SPI2-promoters. S. enterica carriers in which htrA, purD or htrA/purD genes were replaced by expression cassette for Llo were grown in vitro in media inducing expression from SPI2-promoters (C). Equal amounts of bacteria as adjusted by optical density at 600 nm (OD 600 ) were concentrated by centrifugation and lysed by boiling for 5 min in SDS-PAGE sample buffer. For Western blotting, protein was separated by SDS-PAGE, transferred onto nitrocellulose membranes and OVA was detected using a rabbit antiserum against OVA and a goat anti-rabbit IgG-HRP as primary and secondary antibodies, respectively. The Llo protein of 61 KDa was detected with a monoclonal antibody against the M45 tag and goat antimouse IgG-HRP for detection of M45 tag were used as primary and secondary antibodies, respectively. of P sseA were cultured with repeated subcultures in the absence of selective pressure. GFP expression was quantified by flow cytometry (Fig. 4A) and OVA expression was analyzed by Western blot (Fig. 4B ) over a period of 7 days, which corresponds to ca. 50 generations (data not shown). We observed that expressions of GFP and OVA were not affected by the length of culture in absence of selective pressure, indicating that the majority of the bacteria were harboring both the expression cassettes.
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Persistence of recombinant carrier strains
To test stability in vivo, double-mutant strains were used for oral immunization of mice in which the htrA/purD and htrA/galE loci were replaced by expression cassettes harboring the aph gene. Analyses of feces indicated that these carrier strains were shed for up to 15 days with similar extent. Plating on selective agar with and without kanamycin indicated that the recovered S. enterica serovar Typhimurium were kanamycin resistant (Fig. 5) , supporting the stability of chromosomalintegrated cassettes during vaccination. Lower numbers of both Salmonella carrier strains were recovered for up to 15 days after oral immunization, indicating that both strains are capable of colonizing the gastrointestinal tract (Fig. 5) .
We observed that mice can tolerate Salmonella carrier strains until 1 Â 10 10 CFU/mouse for 30 days after oral vaccination with double-mutant MvP525 as well as MvP526 carrier strains. Previous studies reported that both strains were progressively attenuated and unable to proliferate within systemic site of the immunized host. However, the persistence of the MvP525 or MvP526 strains in Peyer's patches and mesenteric lymph nodes only was considerably high (Fig. 6) . For MvP525 as well as MvP526 carrier strains, there was no difference in the organ burdens. This observation indicates that regulated expression of GFP/OVA after chromosomal insertion did not reduce the viability of the carrier strain after application to the host organism.
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Discussion
The use of attenuated bacterial pathogens is one of the strategies currently used for developing new vaccines. These strains may function as live carriers for passenger antigens. Chromosomal integration of expression cassettes in such carrier strains provides more stable expression but might result in the production of lower amounts of the antigen.
We described a modified approach for the generation of recombinant Salmonella vaccine strains. The approach is based on a modification of the Red recombinase technique that allows the simple, one-step construction of Salmonella strains that express heterologous antigens for vaccination strategies involving live carriers. The Red recombinase technique has been introduced by Datsenko and Wanner (2000) and we modified this technique so that expression cassettes can stably be introduced into the chromosome of Salmonella. After removal of the antibiotic resistance marker by FLPmediated recombination, the regulated expression of heterologous antigens by the cassettes was stable over many generations (Husseiny and Hensel, 2005a) . In this study, we observed that in vitro expression of chromosomally integrated cassettes under control of intracellular-activated promoters by Salmonella was fully regulated for both expression cassettes.
By this technique, antibiotic resistance markers are only required during the construction of strains and can easily be eliminated. Since antibiotic resistance markers have to be avoided in recombinant strains that will finally be delivered as vaccine, removal of resistance genes is an important step in recombinant vaccine construction. Furthermore, we observed that the presence or absence of antibiotic resistance markers had no effect on the expression level of integrated cassettes.
The option of creating highly attenuating mutations concomitantly with introduction of the heterologous antigens is considered a further advantage of the system described here. We could also insert one or more expression cassettes into purD, htrA or galE or combinations resulting in deletion of htrA/purD or htrA/galE. It was shown before that mutant strains deficient in these genes are highly attenuated in virulence and represent Figure 5 . Recovery of bacteria from fecal pellets collected after inoculation of mice with a 'knock-in' double-mutant carrier strains. Five BALB/c mice were inoculated orally with 1 Â 10 5 CFU double-mutant carrier strains of Salmonella MvP525 deficient in htrA/purD (open circles) or MvP526 deficient in htrA/galE (closed circles). The presence of inoculum strain in fecal pellets was determined over 15 days after infection (days 1, 3, 5, 7, 9, 11, 13 and 15 post infection). Approximately 100 mg of fresh fecal pellets were homogenized in 1 ml PBS and bacteria were enumerated on LB agar plates containing kanamycin (50 mg/ml). The presence or absence of the test strain in fecal pellets was quantified for each mouse (limit of detection, 0.1 CFU/mg of feces). safe and efficient vaccine carrier strains (Husseiny and Hensel, 2005a) . We also observed that deletions in htrA/purD or htrA/galE generated by the sequential 'knock-in approach' were highly attenuated in mouse virulence. We observed that mice can tolerate high number of doublemutant carrier strains after oral vaccination. This indicates progressive attenuation of doublemutant carrier strains. S. enterica serovar Typhimurium can colonize Peyer's patches and mesenteric lymph nodes after oral vaccination. It can also be shed with the feces of the mice over a period of 15 days.
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A possible limitation of the system might be the low amount of heterologous antigen due to the chromosomal expression cassettes in single copy in contrast to plasmid-based systems with multiple copies. In this study, intracellular activated promoter derived from SPI2 for regulated expression was used, but it is possible that other in vivo-activated promoters allow higher expression levels (Rollenhagen et al., 2004) . The optimal promoters for high-level expression of heterologous antigens from chromosomally integrated cassettes have to be identified in future work.
In summary, we developed a versatile approach for vaccine carrier strain construction by means of the Red recombinase and FLP/FRT site-specific recombination system, since different targets for attenuation can be eliminated just by design of a set of specific primers for amplification of the insertion cassette. We used the l Red recombinase method to serve as a rapid and simple method for introducing expression cassettes into the bacterial chromosome. The general technique of using sitespecific recombination to integrate heterologous genes into a bacterial chromosome should serve as a useful method to construct a double-mutant carrier strains that express different foreign antigens. Expression of multiple heterologous antigens might allow the generation of carrier strains multivalent vaccines. It will be of future interest to use this approach also for the construction of recombinant vaccine strains of other bacterial species.
